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Abstract: The formation of well-defined finite-sized aggre-
gates represents an attractive goal in supramolecular chemistry.
In particular, construction of discrete p-stacked dye assemblies
remains a challenge. Reported here is the design and synthesis
of a novel type of discrete p-stacked aggregate from two
comparable perylenediimide (PDI) dyads (PEP and PBP).
The criss-cross PEP-PBP dimers in solution and (PBP-PEP)-
(PEP-PBP) tetramers in the solid state are well elucidated
using single-crystal X-ray diffraction, dynamic light scattering,
and diffusion-ordered NMR spectroscopy. Extensive p–p
stacking between the PDI units of PEP and PBP as well as
repulsive interactions of swallow-tailed alkyl substituents are
responsible for the selective formation of discrete dimer and
tetramer stacks. Our results reveal a new approach to preparing
discrete p stacks that are appealing for making assemblies with
well-defined optoelectronic properties.
A challenging target in supramolecular chemistry is the
construction of uniform monodisperse assemblies that exhibit
well-defined functional properties.[1] In particular, the con-
trollable assembly of dyes represents a daunting task because
p–p interactions, which play a pivotal role in packing and
orientation, are bidirectional and lead to the formation of
infinite aggregates.[2] However, for in-depth studies on the
structure–function relationship of p-conjugated molecular
materials, discrete p-stacks with well-defined arrangements
are required.[3] By now, when p–p interactions constitute the
sole intermolecular force, only a few discrete assemblies of
aromatic p systems have been constructed with extra
assistance from either coordination cages[4] or through
formation of molecular tweezers.[5] Recently, Wgrthner et al.
reported an elegant spacer-encoded self-assembly approach
for the formation of well-defined merocyanine dye stacks
based on electrostatic dipole–dipole interactions.[6]
In host-guest chemistry, a host and a guest are held
together through complementary noncovalent interactions
leading to discrete assemblies. To achieve this highly size-
complementary assembly, the two components should be
chemically distinct. However, in the case of host-guest
assemblies, optical transitions and electronic interactions,
which are prerequisites for use in optoelectronic devices, are
typically absent between these two distinct constituents.
Herein, we report that two comparable perylenediimide
(PDI) dyads bridged with linkers of different length, exhibit-
ing similar photophysical properties, can uniformly embrace
each other through p–p interactions and form stable discrete
p-stacks in an analogous formally length complementary
manner (Scheme 1a). This strategy opens the possibility to
obtain discrete functional p-aggregates with exact arrange-
ments to provide in-depth insight into the photophysical and
optoelectronic properties of p-conjugated materials.
As an important class of organic dyes, PDIs have received
great attention for applications in various optoelectronic
devices.[7] Recently, we have developed an efficient rhodium-
Scheme 1. a) Formation of discrete p-stacks from two comparable PDI
dyads that bridged with different length linkers. b) Chemical structures
of PEP and PBP. c) TLC of i) PEPa, ii) PBPa, iii) PEPa/PBPa (1:1), iv)
PEPa/PBPa (1:2) (TLC, silica gel; eluent: petroleum ether/ethyl ace-
tate = 5:1).
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catalyzed ortho-iodination reaction of PDIs. This method can
provide key intermediates for the synthesis of various ortho-
functionalized PDIs without a geometric distortion of the
aromatic skeleton.[8] In this article, an ortho-ethynylene-
bridged PDI dyad (PEP) and a slightly longer ortho-
butadiyne-bridged PDI dyad (PBP) were prepared as two
p-conjugated molecular look-alikes (Scheme 1b; for details
see Scheme S1 in the Supporting Information). Two PDI units
are linked to enhance their p–p capabilities.[9] Different
swallow-tailed alkyl substituents, including hexylheptyl,
butylpentyl, and chiral methylheptyl, at the imide positions
are employed to study the solution, solid-state, and helical
self-assembly properties. During the synthesis of the PDI
dyads, we found that thin layer chromatography (TLC)
analysis of a PEPa and PBPa mixture (1:1 molar ratio)
exhibited only one new spot for an assembly, while separation
of the assembly and excess of PBPa was observed for a 1:2
mixture of PEPa and PBPa (Scheme 1c). Similar phenomena
were also observed for both PEPb/PBPb and PEPc/PBPc
mixtures. These results suggest that discrete PEP-PBP
complexes with a stoichiometry of 1:1 are formed, and are
stable during the TLC separation. We confirmed this 1:1
stoichiometry as well by a JobQs plot analysis in methylcyclo-
hexane (MCH; see Figure S1). Furthermore, MALDI TOF
mass spectrometry of PEPa/PBPa (1:1) mainly displayed the
peaks belonging to a PEPa-PBPa aggregate (1a) and the free
PDI dyads (see Figure S2).
From a chlorobenzene/methanol solution of 1:1 mixture
of PEPb and PBPb with short butylpentyl chains, single
crystals suitable for X-ray diffraction analysis were obtained.
The crystal structure (space group P21/n) reveals the forma-
tion of a tetramer complex (PBPb-PEPb)-(PEPb-PBPb)
(2b ; Figure 1a,b). In this complex, twisting between two PDI
units in the PDI dyads takes place (Figure 1 c). The dihedral
angles between the two PDI units are 808 and 888 for PEPb
and PBPb, respectively. Considering the steric hindrance of
bulky swallow-tailed imide substituents, the nearly orthogo-
nal geometries of PEPb and PBPb along with different
lengths of the spacers are beneficial for an effective face-to-
face p–p interaction between their PDI units (centroid-to-
plane distance of ca. 3.31 c). Therefore, the PEPb-PBPb pair
1b is first arranged in a criss-cross formation, which shows
rotational displacements of 428 between the stacked PDI
units. Then, two 1b dimers are stacked on top of each other
through p–p interactions between two PDI units from the
shorter PEPb molecules (centroid-to-plane distance of
3.34 c, Figure 1 a). There is a total of 32 butyl chains that
stretch around the tetramer complex 2b to prevent further
stacking. Hence, only weak van der Waals interactions exist
between the rectangular tetramer assemblies, which make 2b
closely pack into a layer in the crystallographic (1 0 1) plane
(Figure 1d). The layers stack further, following the ABAB
sequence of cubic closet packing. Note that highly disordered
lattice solvent molecules fill up the space, accounting for
stable single crystals.
The formation of stable discrete p-aggregates in MCH
was confirmed from dynamic light scattering (DLS) experi-
ments. For the solutions of PEPa and PBPa individually
(0.2 mm), the average hydrodynamic diameter (dH) values of
the corresponding p-aggregates were determined to be
226 nm and 444 nm, respectively (Figure 2). Upon addition
of 0.5 and 1 equivalent of PBPa to the solution of PEPa
(0.2 mm), the measured dH values decreased to 115 and 2 nm,
respectively. Notably, the p-aggregates with a mean size of
2 nm have a rather narrow size distribution. Moreover, for the
solutions of PEPa/PBPa at two different concentrations (0.1
Figure 1. a,b) ORTEP structure of 2b (front and top views). c) PEPb-PBPb pair in a criss-cross arrangement. d) Packing modes of 2b in a stacked
layer. The blue- and red-colored bonds represent ethynylene and butadiyne spacers, respectively. For clarity, butylpentyl groups in a), b) and d)
and all H atoms are omitted.
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and 0.5 mm, both for each components), the average diam-
eters of the p-aggregates are also close to 2 nm.
To further characterize the size of the aggregates at higher
concentrations (> 0.5 mm) that were unsuitable for DLS
measurements, diffusion ordered NMR spectroscopy
(DOSY) studies were performed on PEPa/PBPa (1:1) in
[D14]MCH. Bulky 1,3,5-tri-tert-butylbenzene (TTB) was used
as an internal reference to eliminate contributions from
solution viscosity, which tend to vary with temperature
change as well as aggregation.[10]
The ratio dm/dTTB, where dm and dTTB are the average dH of
the main species (i.e., monomeric forms of PEPa, PBPa, and
their aggregates) and TTB, respectively, was used to estimate
the size and extent of aggregation of the main species in
solution. According to the Stokes-Einstein equation, for
rodlike and spherical molecules, the ratio dm/dTTB is inversely
proportional to the ratio of the measured diffusion coeffi-
cients (Dm/DTTB).
[11] DOSY experiments on equimolar solu-
tions of PEPa/PBPa, at concentrations of 0.5 mm, 1 mm, 5 mm
and 10 mm, resulted in concentration-independent Dm/DTTB
values around 4.3 (see Figure S3). Because the bulky TTB
only exists as monomer in solution, its hydrodynamic
diameter dTTB can be calculated from the crystal structure
(about 7.2 c; see Figure S4). Accordingly, a 4.3-fold larger
effective size of the main species implies that the value of dm is
3 nm. Remarkably, signals that are not resolved in the
frequency domain exhibit the same diffusion coefficient,
indicating the formation of a single main aggregate species in
solution.
Combining the results of DLS and DOSY experiments, we
can exclude the possibility of the formation of extended p-
stacks and conclude that uniform, discrete p-aggregates are
formed. However, DLS and DOSY are unable to distinguish
between the dimer 1a and tetramer 2a, because of their
limited resolution.[12] To further elucidate the structure of the
PEPa/PBPa aggregates obtained in solution, we performed
1H NMR measurements. Crystal structures, obtained on 2 b as
shown in Figure 1 c,d, suggest that the two PDI units of PEPa
should be equivalent in the dimer 1a, whereas they should
experience a different environment in the tetramer 2a.
Temperature-dependent NMR spectroscopy on PEPa/PBPa
(10 mm) in [D14]MCH at 353 K revealed two sets of PDI
signals in the perylene region, occurring in a 14:14 ratio and
appearing with much better resolution compared to individ-
ually dissolved PDI dyads (Figure 3). These two sets indicate
that the two PDIs of PEPa, as well as the two PDIs of PBPa,
in the assemblies are equivalent (see Figure S5). Upon
gradually cooling the sample, the peaks in these spectra
appeared to broaden, probably because the exchange of 1a
with PEPa and PBPa proceeded at a rate similar to that of the
NMR time scale. This trend became more apparent in
1H NMR analyses in less polar [D8]toluene with relatively
faster exchange (see Figure S6). Concentration-dependent
1H NMR results are also consistent with a concentration-
independent formation of aggregates. At 0.5 mm, only
a simple pattern of proton resonances for 1a is observed.
Along with the increasing of concentration to saturated
solution (40 mm), the spectral shape, chemical shifts, and
signal number for perylene protons did not change at all (see
Figure S7). Together, these results indicate that the dominant
species in these solutions is the dimer complex 1a.
The concentration-independent aggregation behavior of
1 encouraged us to assess the limit of the assembliesQ
stabilities. To this end, concentration-dependent UV/vis
spectra of 1a were acquired from 200 mm to 1 mm, the
detection limit for our molecules in UV/vis spectroscopy.
Upon dilution, the spectra did not show any prominent
changes, indicating the main species in this concentration
range is still the dimer 1a. The value of A0-0/A0-1 is maintained
at 0.7, which signifies the fully aggregated state of PDI
(Figure 4a).[13] To quantify the stability of the assemblies, the
monomer-dimer equilibrium model was fitted to the temper-
ature-dependent extinction coefficient values at 514 nm,
acquired at different concentrations (Figure 4b; see Fig-
ure S8).[14] The fitted thermodynamic constants are as follows:
DH0 = (@70: 10) kJ mol@1, DS0 = (@72: 39) J K@1 mol@1, and
K1a = 3.7 X 10
8m@1 at 298 K. The isosbestic points at 486 nm
and 527 nm that appear in the temperature-dependent UV/
Vis spectra corroborate the two-state equilibrium between
free PDI dyads and 1 a dimers. In contrast, PEPa as well as
PBPa form, when not mixed together, H-type aggregates, as
evidenced by the reversal of the intensities of the 0-0 and 0–
1 absorption bands that was observed in concentration-
dependent UV/vis spectra in MCH at 333 K (see Fig-
ure S9).[5c] Considering the formation of large sized aggre-
Figure 2. DLS results of PEPa (0.2 mm), PBPa (0.2 mm), and PEPa/
PBPa mixtures in MCH.
Figure 3. Temperature-dependent 1H NMR analysis of PEPa/PBPa
(10 mm) in [D14]MCH. (TTB: 5 mm as internal reference).
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gates, which is confirmed by the DLS experiments (Figure 2),
the isodesmic aggregation model was fitted to the UV/vis data
acquired at 524 nm for PEPa and PBPa (see Figure S10). The
binding constants of KPEPa = 0.93 X 10
5m@1 and KPBPa = 1.1 X
105m@1 are much higher in comparison to bindings constants
typically reported for normal PDIs with swallow-tailed alkyl
side chains, suggesting that the two PDI units in PEPa as well
as PBPa confer an enhanced p-stacking.
The spatially isolated and pairwise arrangements of the
PDI dyads in our 1a dimers provides a potential method to
restrict the non-radiative deactivation.[15] Therefore, the
fluorescence spectra of PEPa, PBPa, and 1a were measured
in MCH. For PEPa and PBPa individually (0.5 mm), the
fluorescence spectra showed well-resolved vibronic struc-
tures, characteristic for monomeric PDI derivatives (Fig-
ure 5a). The quantum yields (QYs) were 64% and 37 %,
respectively, suggesting that rotation of the PDIs around the
central linker induces a decay of the excited state.[16] In
contrast, for 1 a (0.25 mm), the spectra displayed a strong red-
shifted emission at 600 nm with a longer lifetime of 17.2 ns, as
expected for PDI excimers.[17] The QY of this sample is
somewhat improved to 65%, as the formation of discrete
1 aggregates potentially restricts the rotation of PDI units and
thereby inhibits non-radiative energy transfer.
The strong binding constant of the dimer assemblies (1)
inspired us to further investigate their chiral recognition
properties.[18] (R)PEPc, (R)PBPc, and (S)PBPc with chiral
methylheptyl side chains were synthesized for self-assembly
studies by circular dichroism (CD) spectroscopy (Figure 5 b;
see Figure S11). In TCE/MCH (1:9, v:v) solutions, the CD
maxima at 480 nm for (R)PEPc (2.5 mm, Figure 5b-1),
(R)PBPc (2.5 mm, Figure 5b-2), (S)PBPc (2.5 mm, Figure 5 b-
3), (R)PEPc-(R)PBPc (2.5 mm : 2.5 mm, Figure 5b-4), and
(R)PEPc-(S)PBPc (2.5 mm : 2.5 mm, Figure 5b-5) were plotted
versus temperature. The decrease in CD intensity with
increasing temperature indicates the transition from the
aggregated to the monomeric state. For (R)PEPc/(S)PBPc
(1:1), the CD of the mixture (Figure 5b-5) matched well with
the sum of the spectra of (R)PEPc and (S)PBPc (Figure 5 b-
7), and implies no coaggregation of (R)PEPc and (S)PBPc
but an orthogonal self-assembly process in the (R)PEPc/
(S)PBPc mixture. In contrast to (R)PEPc-(S)PBPc, the CD
value of the (R)PEPc/(R)PBPc (1:1) mixture (Figure 5b-4)
was different from the sum of the spectra of the components
(Figure 5b-6), suggesting strong interactions between
(R)PEPc and (R)PBPc. This temperature analysis clearly
indicates that PEP and PBP, with the same chirality, prefer
the formation of the dimer assemblies, whereas supramolec-
ular conglomerates comprising individual R and S stacks were
formed as a mixture of enantiomers.
In conclusion, we have devised a new host-guest-like
aggregation strategy to achieve discrete p-stacks from chro-
mophore look-alikes. With this strategy, two well-designed
comparable PDI dyads (PEB and PBP) that have length-
matched linkers can selectively embrace each other through
extended p–p interactions to form PEP-PBP dimers. In the
solid state, the PEP-PBP dimers further stack into (PBP-
PEP)-(PEP-PBP) tetramers. In a nonpolar solvent (MCH),
the PEP-PBP dimers were formed as uniform stacks, even at
high concentration (40 mm) or low temperature (278 K).
These assemblies feature a high degree of persistence,
comparable to the strength of a covalent bond, even at
1 mm. High binding constants of PEP-PBP dimers endow
them with appealing properties: 1) The high-efficiency and
long-lifetime excimer signaling of PEP-PBP dimers at long
wavelength will enable useful applications as new fluorescent
probes and optical materials; 2) The chiral recognition ability
of PEP-PBP stacks is significant for the development of
systems for chirotechnological applications with this impor-
tant class of functional dyes. Therefore, the presented method
provides an excellent approach to engineer well-defined
stacks with unique properties and paves the way for reliable
studies on structure–property relationships between the
chromophores.
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